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Introduction 

Elevated  serum  levels  of  insulin-like  growth  factor  1  (IGF1)  have  been  found  in  prostate  cancer 
patients,  and  IGF  1 -related  signal  transduction  is  thought  to  be  an  important  factor  in  the 
development  of  prostate  cancers  (7).  The  goals  of  this  project  are  to  discover  small  organic 
molecules  that  suppress  IGF-activated  prostate  cancers  by  cell-based  screening  and  to  analyze 
their  action  mechanisms.  We  have  been  taking  a  unique  two-step  approach  to  discovering  such 
molecules:  we  first  examine  the  phenotypic  effects  of  chemical  library  members  (10,000 
divergent  drug-like  compounds)  on  the  insulin-induced  adipogenic  differentiation  of  cultured 
fibroblasts  and,  by  using  the  adipogenesis  profile,  we  then  identify  organic  compounds  that 
suppress  IGF -mediated  growth  of  prostate  cancer  cells.  Our  hypothesis  is  that  some  of  the 
compounds  that  block  the  insulin-induced  adipogenesis  may  suppress  IGF-stimulated 
proliferation  of  malignant  prostate  cancers.  The  compounds  may  serve  as  a  seed  for  a  new  type 
of  anticancer  drugs  that  could  treat  prostate  cancers  and  also  as  a  tool  to  understand  the  IGF 
signaling  in  malignant  prostate  cancers. 


Body 

Task  1: 

To  isolate  small  molecules  that  specifically  inhibits  the  IGF-induced  cell  growth 
of  prostate  cancer  cells 

This  task  has  been  completed  as  described  below. 

Adipogenesis  profiling  for  discovering  anticancer  agents  (2).  Our  approach  to  discovering 
anticancer  agents  is  based  on  the  logic  of  genetics.  In  genetic  screens,  clear  morphological 
phenotypes  are  often  used  just  as  a  sensitive  tool  for  discovering  and  analyzing  genes  whose 
primary  functions  are  seemingly  unrelated  to  the  morphological  phenotype.  A  good  example  is 
the  use  of  eye  morphology  in  the  fruit  fly  Drosophila  melanogaster  as  a  genetic  tool  for  the 
analysis  of  genes  in  disease-linked  signaling  pathways  (3).  Although  human  diseases  associated 
with  these  pathways,  such  as  cancer  and  neurodegenerative  diseases,  are  seemingly  unrelated  to 
eye  development,  the  use  of  eye  morphology  as  a  sensitive  indicator  enabled  a  systematic 
understanding  of  the  disease-linked  signaling  events  {4-8).  We  envisioned  that  clear 
morphological  phenotypes  of  cells  could  similarly  be  used  as  a  sensitive  indicator  of  the  drug 
effects  that  are  not  associated  directly  with  the  morphological  phenotypes. 

The  morphological  alteration  we  used  is  the  differentiation  of  murine  3T3-F1  fibroblasts 
into  adipocytes,  one  of  the  most  drastic  and  sensitive  morphological  alterations  in  cultured 
mammalian  cells  (P).  In  the  presence  of  insulin,  3T3-F1  cells  undergo  differentiation  into 
adipocytes,  which  are  visually  distinct  from  the  original  cells  because  of  the  presence  of  oil 
droplets  in  the  cytoplasm.  The  insulin-induced  adipogenesis  of  3T3-F1  cells  involves  a  number 
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of  disease-linked  proteins  such 
as  PI3K,  Ras,  PPARy,  p38,  or 
phosphodiesterases,  and  known 
drugs  for  a  range  of  diseases 
have  been  reported  to  have 
phenotypic  effects  on  the 
adipogenesis  (9-14).  A 
morphology-based  adipogenesis 
screen  of  a  chemical  library 
could  identify  a  pool  of 
biologically  active  compounds 
with  many  distinct 

pharmacological  effects 

including  anticancer  ones. 

Adipogenesis  profile  of  10,000 
divergent  drug-like 

compounds  (2).  Our  cell- 
morphology  profiling  of  the 
10,000-compound  library 

identified  188  chemicals  that 
clearly  modulated  the  insulin- 
induced  differentiation  of  3T3- 
L1  cells  at  20  ng/pL  (Fig.  1): 
eighty-one  compounds 

potentiated  the  adipogenesis, 
eighty-seven  compounds 

completely  blocked  the 
differentiation,  and  thirteen 
compounds  induced  other 
morphological  phenotypes  such 
as  adipocyte-like  cells  without 
oil  droplets.  The  screen  thus 
reduced  pool  of  chemicals  by  53 
fold. 

The  adipogenesis- 

modulating  activity  of  selected 
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Fig.  1.  Adipogenesis  profiling  of  a  library  of  10,000  divergent  drug-like 
compounds.  3T3-L1  cells  have  a  morphology  characteristic  of  fibroblasts 
(A).  After  chemical  treatment  in  the  presence  of  insulin,  the  cell 
morphology  was  examined  under  microscope.  The  control  wells  that  are 
treated  with  1%  (v/v)  DMSO  have  about  5%  adipocytes  (B).  The 
compounds  that  enhanced  adipogenesis  more  than  five  folds  were 
scored  to  be  adipogenesis-enhancing  chemicals  (C),  and  the  compounds 
that  completely  inhibited  adipogenesis  without  detectable  cytotoxicity 
were  scored  to  be  adipogenesis-blocking  chemicals  (D).  (E)  RT-PCR 
analysis  of  adipocyte-specific  aP2.  3T3-L1  cells  were  treated  with 


compounds  were  confirmed  by  RT-PCR  analysis  of  aP2,  an  adipocyte-specific  fatty  acid-binding 
protein  (an  example  is  shown  in  Fig.  IE).  The  188  adipogenesis-modulating  chemicals  that  we 
found  are  apparently  non-toxic  for  confluent  3T3-L1  cells  and  almost  certainly  modulate 
particular  biologic  responses  in  mammalian  cells.  In  other  words,  the  collection  of  188 
chemicals  is  a  biology-focused  chemical  library. 
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Suppressors  of  IGF-activated  prostate  cancer 
cells  (2).  Both  insulin  and  IGFs  stimulate 
oncogenic  signaling  pathways  including  those  of 
Ras-MAPK  and  PI3K-Akt,  and  overexpression 
of  IGFs  is  often  associated  with  cancer 
malignancy  (75).  Patients  with  IGF- 
overexpressing  tumors  tend  to  have  severe 
hypoglycemia  despite  low  levels  of  serum 
insulin  (known  as  non-islet  cell  tumor 
hypoglycemia)  (16),  demonstrating  a  functional 
overlap  between  oncogenic  IGFs  and  insulin  in 
vivo.  These  considerations  led  to  the  hypothesis 
that  the  pool  of  the  adipogenesis-blocking 
chemicals  contains  anticancer  compounds  that 
suppress  the  IGF-stimulated  survival  and 
proliferation  of  malignant  tumor  cells. 

For  a  chemical  screen,  we  used  DU- 145 
androgen-independent  prostate  cancer  cells 
whose  growth  can  be  stimulated  by  IGF1  as 
much  as  by  2%  serum.  The  pool  of  the  87 
adipogenesis-blocking  chemicals  contained  two 
analogous  chemicals  that  specifically  inhibited 
the  IGF  1 -induced  growth  of  DU- 145  cells  but 


£  0  0.1  1  £  0  0.1  1  (pM) 

3  -  3  - 

*  IGF1  +  125B11  <1>  FBS  +  125B11 


Fig.  2.  Discovery  of  125B11.  125B11  inhibited  the 
IGFI-induced  growth  but  not  the  serum-induced 
growth.  DU-145  cells  were  treated  with  varied 
amounts  of  125B1 1  in  the  presence  of  IGF1  or  2% 
fetal  bovine  serum  (FBS). 


had  little  effects  on  their  serum-induced  growth.  One  of  them,  125B11,  had  the  greatest 


differential  activity;  the  simple  drug-like  thiazole  derivative  impaired  the  IGFI-induced  growth 


at  an  IC50  of  0.1  pM  but  had  little  effects  on  the  serum-dependent  growth  (Fig.  2).  IGFI- 


induced  phosphorylation  of  Akt  and  MAPK  in  DU-145  cells  was  unaffected  by  125B11, 
suggesting  that  125B11  inhibits  the  cell-proliferative  function  of  IGF  1  in  a  way  independent  of 
the  known  IGF  1 -signaling  pathway. 
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Task  2: 

To  analyze  mechanism  of  action  of  125B11 
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This  task  has  partially  been  completed,  and  the  results  suggested  an  interesting  crosstalk 
between  fat/cholesterol  metabolism  and  prostate  cancers. 


Microarray  experiments  of  125B11 

Gene  expression  profiling  comparison  in  the  drug-treated  and  -untreated  cells  by  DNA 
microarray  technology  might  reveal  specific  molecular  pathways  affected  by  the  drugs.  DU145 
prostate  cancer  cells  were  treated  with  125B11  or  DMSO  alone  in  the  presence  of  IGF1,  and 
extracted  mRNA  was  analyzed  by  Affimetrix  DNA  micoarrays  at  the  Microarray  Facility  in 
Baylor  College  of  Medicine.  To  our  surprise,  we  found  that  the  genes  downregulated  by  125B1 1 
included  those  known  or  likely  to  be  controlled  by  sterol  regulatory  element  binding  protein 
(SREBP),  a  transcription  factor  that  activates  specific  genes  involved  in  cholesterol  synthesis, 
endocytosis  of  low  density  lipoproteins,  and  the  synthesis  of  both  saturated  and  unsaturated  fatty 
acids  (17).  These  genes  include  LDL  receptor  and  HMG-CoA  reductase,  a  target  of  cholesterol¬ 
lowering  drug  statins.  The  microarray  results  were  also  verified  by  RT-PCR  experiments.  We 
hypothesized  that  125B1 1,  whether  directly  or  indirectly,  inhibits  SREBP  or  its  pathway. 


Table  1 

Microarray 
analysis  of  125B11 


Genes  known  to  be 
controlled  by  SREBP 


Genes  relevant  to 
sterol/fat  synthesis 
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Hs. 81412 

D80010.1 

lipin  1  | 

3-hydroxy-3-methyl^utaryl-Coenzyme  A  reductase /FL=gb:M11058.1  gb:NM  000859.1 

P 

D 

0.466517 

Hs. 79440 

NM  0065* 

IGF-II  mRNA-birxJing  protein  3  /FL=gb:U97188.1  gb:U76705.1  gb:AF117108.1  gb:NM  006547.1 

P 

D 

0.466517 

Hs. 75318 

AL565074 

tubulin,  alpha  1  (testis  specifc) 

P 

D 

0.466517 

Hs.226213 

U40053 

cytochrome  P450,  51  (lanosterol  14-alpha-demethylase) 

P 

D 

0.435275 

Hs. 76038 

BC005247 

isopentenyl-diphosphate  delta  isomerase  /FL=gb:BC005247.1 

P 

D 

0.435275 

Hs. 57698 

BC000245 

NAD(P)  dependent  steroid  dehydrogenase-like;  H105e3  /FL=gb:BC000245.1  cfc:U47105.2  gb:NM_01 5922.1 

P 

D 

0.353553 

Hs. 77910 

NM  00213 

3-hydroxy-3-methylclutaryl-Coenzyme  A  synthase  1  (soluble)  /FL=gb:BC000297.1  gb:L25798.1  gb:NM  002130.1 

P 

D 

0.329877 

Hs. 56205 

BE300521 

insulin  induced  gene  1  /FL=gb:NM  005542.1 

P 

D 

0.329877 

Hs. 154654 

NM 0001Q 

cytochrcme  P450,  subfamily  1  (dioxin-inducible),  polypeptide  1  (glaucoma 3,  primary  infantile)  /FL=gb:NM_000104.2  gb:UC 

P 

D 

0.329877 

Hs.3828 

All  89359 

mevalonate  (diphospho)  decarboxylase /FL=gb:U49260.1  gb:BC000011.1  gb:NM_00246 

.1 
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125B11  blocks  cleavage  of  SREBP  in  cells 


Goldstein,  Brown,  and  colleagues  have 
demonstrated  that  in  the  presence  of 
sterol,  125  kDa  SREBP  is  located 
endoplasmic  reticulum  membranes. 
When  cellular  sterol  concentrations 
were  lowered,  the  amino  terminal  68 
kDa  domain  of  SREBP  is  released  from 
the  membrane,  entered  the  nucleus,  and 
bound  to  SREs  in  the  promoters  of 
SREBP-target  genes.  In  contrast,  the 
cleavage  of  SREBPs  was  prevented 
when  cells  were  loaded  with 
cholesterol/oxysterols;  the  result  was 
low  nuclear  levels  of  SREBP  and  low 
rates  of  transcription  of  SREBP  target 
genes  (Fig.  3)  (18). 

We  first  examined  if  125B11 
inhibits  the  transcription  of  a  reporter 
gene  under  control  of  five  tandem 
repeats  of  a  typical  SREBP  binding  site. 
The  SREBP-responsive  reporter  gene 
was  constitutively  active  in  DU  145 
prostate  cancer  cells,  and  addition  of 
125B11  into  the  culture  inhibited  the 
expression  of  the  reporter  gene  in  a 
dose-dependent  manner,  whereas  the 
control  reporter  with  the  SV40 
promoter  had  no  detectable  effects. 

We  next  examined  if  the 
cleavage  of  SREBP  is  blocked  by 
125B11  in  cells.  Western  blot  analysis 
showed  that  treatment  with  5  pM  of 
125B11  increased  the  amounts  of 
uncleaved  125Kda  SREBP  (Fig.  4). 

Since  125B11  blocks  the 
cleavege  of  SREBP,  125B11  should 
prevent  SREBP  from  entering  the 
nucleus.  To  confirm  that,  we  examined 


Nucleus 


SCAP  SREBP 


Serine  protease 


S2P 

Metalloproteinase 


Fig.  3  Regulation  of  SREBP  by  sterols. 


125  - 


Precursor 


68-  i  ◄ —  Cleaved 

Product 


Fig.  4  Effect  of  125B11  on  SREBP-1  protein  in  DU145 
cells.  DU  145  cells  were  seeded  onto  6-well  plates  at  a 
density  of  2.5x1 0A5  with  serum-free  media  for  16h  before 
receive  chemicals.  Cells  were  then  incubated  for  6h  with 
DMSO  (line  1)  or  lug/ml  IGF  (lane  2)  or  IGF  with  luM 
125B11  (lane  3)  or  IGF  with  5uM  125B11  (lane  4)  in  non¬ 
serum  medium.  The  levels  of  SREBP-1  in  cell  lysates  were 
examined  by  Western  blotting  with  an  anti-SREBP-1 
antibody. 
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the  effect  of  125B11  on  the  nuclear  translocation  of  SREBP  by  iimnunostaining.  As  shown  in 
Fig.  5,  it  is  evident  that  the  amounts  of  nuclear  SREBP  1  is  decreased. 

It  remains  unknown  how  125B11  inhibits  the  cleavage  of  SREBP.  In  sterol-deprived 
cells,  a  protein  called  SCAP  functions  as  a  chaperone  protein  and  transports  the  125  kDa 
SREBPs  from  the  endoplasmic  reticulum  to  the  Golgi  where  two  proteases  (SIP  and  S2P)  cleave 
SREBP  to  generate  68Kda  SREBP  (Fig.  3)  (/ 7).  In  contrast,  in  cholesterol-loaded  cells,  SCAP 
and  SREBP  fail  to  migrate  to  the  Golgi 
and  the  125  kDa  SREBP  remains  in  ER. 

Thus,  under  these  conditions,  maturation 
and  nuclear  localization  of  SREBPs  are 
reduced.  125B11  may  modulate  one  of 
these  transport/cleavage  processes. 


DAPI 


SREBPl 


Merge 


DMSO 


m 


Fig.  5.  125B1 1  blocks  the  nuclear  localization  of  SREBPl . 
DU145  cells  were  seeded  on  a  cover  slide  in  serum  free 
MEM.  After  one  day,  the  cells  were  treated  with  125B1 1  or 
DMSO  alone  in  the  presence  of  IGF.  Six  hours  after  the 
treatment,  the  cells  were  permeabilized  and  stained  with  an 
antibody  against  SREBPl . 


SREBP  plays  a  role  in  IGFl-dependent 
growth  of  prostate  cancers. 

Our  results  suggest  that  125B11  suppress 
IGFl-dependent  growth  of  prostate 
cancer  cells  by  blocking  SREBP 
activation.  If  this  hypothesis  is  correct, 
then  siRNA  knockdown  of  SREBP 
suppress  IGFl-dependent  growth  of 
prostate  cancers.  We  stably  transfected 
siRNA  expression  vector  of  SREBP  to 
DU  145  cells  and  examined  its  growth  in 
the  presence  of  IGF  1.  As  shown  in  Fig.  6, 
the  knowckdown  cells  seem  to  be 
irresponsive  to  IGF  1 .  This  result  suggest 
that  SREBP  plays  an  essential  role  in 

IGFl-dependent  growth  and  prostate 

cancer  progression.  Our  continued 

experiments  may  reveal  an  interesting 

crosstalk  between  cholesterol  metabolism 

and  prostate  cancers. 

Synthesis  of  125B11  analogs 

The  key  reaction  of  the  synthesis  of 
125B11  is  shown  in  Scheme  1.  This 
scheme  enabled  gram-scale  preparation 
of  125B1 1  and  quick  preparation  of  125B1 1.  We  have  synthesized  ten  125B1 1  analogs  with  the 


NEO 


Clonel  Clone2 


ov 

cf  ^ 


Precursor 

Cleavage 


Actin 

Fig.  6.  siRNA  knockdown  of  SREBP-1  blocks  IGF- 
dependent  growth  of  DU145  prostate  cancer  cells.  The 
extents  of  SREBPl  knockdown  in  clones  1  and  2  are 
shown  in  the  lower  panel. 
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variation  of  the  methyl  and  propyl  positions  indicated  in  red.  The  analogs  were  assayed  for  their 
ability  to  block  the  cleavage  of  SREBP1.  Unfortunately,  we  failed  to  find  a  125B1 1  analog  better 
than  125B1 1  in  the  ten  molecules.  We 
continue  to  synthesize  more  analogs  Scheme  1 
with  multiple  synthetic  schemes  to 
obtain  a  complete  set  of  structure- 
activity  relationship.  Such  a  study 
would  identify  the  position  suited  for 
biotinylation  for  isolating  molecular 
target  of  125B1 1. 


125B11  represents  the  first  small 
molecule  inhibitor  of  SREBP. 

SREBP  is  the  master  regulator  of  fat  and 
cholesterol  synthesis  (In  fact,  knockdown  of 
SREBP  1  in  3T3-L1  cells  completely  blocked  the 
insulin  induced  adipogenesis  in  our  hands).  As 
far  as  we  notice,  no  small  molecule  inhibitors  of 
SREBP  have  been  discovered.  Although  we 
found  this  unique  molecule  from  the  study  of  the 
IGF-dependent  growth  of  prostate  cancer  cells, 
125B11  may  serve  as  a  tool  to  investigate  how 
cells  regulate  the  fat/cholesterol  synthesis. 

We  collaborated  with  Dr.  Salih  J.  Wakil  in 
our  department,  a  leading  scientist  in  the  field  of 
fatty  acid  synthesis,  to  examine  the  effects  of 
125B11  on  metabolism  in  mice.  The  results  are 
summarized  in  Fig.  7.  Two  week  treatment  with 
125B11  apparently 

reduced  body  weight  in 
mice  while  the  treatment 
had  no  detectable  effects 
on  food  intake.  Livers  in 
mice  were  excised  and 
their  extracts  were 
analyzed  by  western  blots. 

The  results  showed  that 
125B11  blocks  the 
cleavage  of  SREBP  1  and 
reduced  the  expression  of 
fatty  acid  synthase  in  liver. 
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Fig.  7.  Two  week  treatment  with  125B11 
apparently  reduced  body  weight  in  mice  while  the 
treatment  had  no  detectable  effects  on  food 


250 


□  125B11 

□  control 


glucose  chol  HDL  LDL  TG  VLDL 
Fig.  8.  Blood  constituents  of  the  mice  treated  with  125B1 1 . 
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Blood  samples  from  the  mice  were  also  analyzed.  As  shown  in  Fig.  8,  levels  of  cholesterol 
and  triglyceride  were  lowered  by  the  treatment.  These  results  in  mice  support  the  notion  that 
125B 1 1  is  an  inhibitor  of  SREBP. 

Key  research  accomplishments 

•  Obtained  experimental  results  supporting  our  hypothesis  that  adipogenesis  profiling  of 
organic  molecules  is  useful  for  discovering  IGF  suppressing  compounds 

•  Discovered  the  unique  compound  125B 1 1 

•  Obtained  evidence  suggesting  that  125B 1 1  has  an  unprecedented  mechanism  of  action. 

•  Identified  SREBP-responsive  genes  as  genes  downregulated  by  125B 1 1 

•  Obtained  evidence  suggesting  that  125B1 1  blocks  the  cleavage  of  SREBP 

•  Obtained  results  suggesting  that  SREBP  plays  an  essential  role  in  IGF  1 -dependent 
growth  of  prostate  cancers. 

•  Synthesized  125B1 1  analogs 

•  Conducted  animal  experiments  showing  that  125B1 1  blocks  SREBP  in  mice. 


Reportable  outcomes 

•  Identification  of  bioactive  molecules  by  adipogenesis  profiling  of  organic  compounds 
Choi,  Y.,  Kawazoe,  Y.,  Murakami,  K.,  Misawa,  H.,  Uesugi,  M. 

J.  Biol.  Chem.  278,  7320-7324  (2003). 

•  Identification  of  bioactive  molecules  by  adipogenesis  profiling  of  organic  compounds 
Choi,  Y.,  Kawazoe,  Y.,  Murakami,  K.,  Uesugi,  M. 

FASEB  Journal,  17  (4):  A605-A605  (2003). 

•  Results  were  discussed  in  2004  Prostate  Cancer  Foundation  Retreat 


Conclusion 

Fat  cell  differentiation  per  se  has  no  direct  link  to  suppression  of  IGF  1 -activated  prostate  cancer 
cells.  Nevertheless,  our  proof-of-principle  study  using  a  10,000-compound  library  successfully 
identified  a  non-cytotoxic  IGF  1 -suppressing  compound,  125B11.  Our  analysis  of  125B11 
indicated  that  125B1 1  selectively  inhibit  the  activation  of  SREBP  transcription  factor,  indicating 
the  role  of  SREBP  in  IGF  1 -dependent  growth  of  prostate  cancers.  The  results  suggest  a  new  link 
between  fat/cholesterol  metabolism  and  prostate  cancer  progression.  We  continue  to  understand 
how  125B11  blocks  the  cleavage  of  SREBP.  Such  studies  may  lead  to  the  discovery  of  a  new 
drug  target  for  prostate  cancers  or  metabolic  diseases. 
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An  important  step  in  the  postgenomic  drug  discovery 
is  the  construction  of  high  quality  chemical  libraries 
that  generate  bioactive  molecules  at  high  rates.  Here  we 
report  a  cell-based  approach  to  composing  a  focused 
library  of  biologically  active  compounds.  A  collection  of 
bioactive  non-cytotoxic  chemicals  was  identified  from  a 
divergent  library  through  the  effects  on  the  insulin-in¬ 
duced  adipogenesis  of  3T3-L1  cells,  one  of  the  most  dras¬ 
tic  and  sensitive  morphological  alterations  in  cultured 
mammalian  cells.  The  resulting  focused  library  amply 
contained  unique  compounds  with  a  broad  range  of 
pharmacological  effects,  including  glucose-uptake  en¬ 
hancement,  cytokine  inhibition,  osteogenesis  stimula¬ 
tion,  and  selective  suppression  of  cancer  cells.  Adipo¬ 
genesis  profiling  of  organic  compounds  generates  a 
focused  chemical  library  for  multiple  biological  effects 
that  are  seemingly  unrelated  to  adipogenesis,  just  as 
genetic  screens  with  the  morphology  of  fly  eyes  identify 
oncogenes  and  neurodegenerative  genes. 


A  complete  analysis  of  human  genome  is  anticipated  to  pro¬ 
duce  an  unprecedented  number  of  potential  drug  targets.  The 
development  of  high  throughput  assays  for  these  genomic 
pseudotargets  may  be  a  challenging  but  important  step  for  not 
limiting  drug  discovery  to  the  “relatively  easy”  targets  such  as 
G-protein-coupled  receptors  or  particular  enzymes.  An  alterna¬ 
tive  or  complementary  effort  is  the  construction  of  high  quality 
chemical  libraries  that  generate  bioactive  molecules  at  higher 
rates.  The  small  size  of  the  focused  libraries  would  lower  the 
cost  of  screening  processes  and  enable  unique  low  throughput 
screens,  extending  the  scope  of  assays  for  the  genomic  targets 
and  for  a  given  therapeutic  effect. 

Our  approach  to  constructing  a  focused  chemical  library  is 
based  on  the  logic  of  genetics.  In  genetic  screens,  clear  morpho¬ 
logical  phenotypes  are  often  used  just  as  a  sensitive  tool  for 
discovering  and  analyzing  genes  whose  primary  functions  are 
seemingly  unrelated  to  the  morphological  phenotype.  A  good 
example  is  the  use  of  eye  morphology  in  the  fruit  fly 
Drosophila  melanogaster  as  a  genetic  tool  for  the  analysis  of 
genes  in  disease-linked  signaling  pathways  (1).  Although  hu¬ 
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man  diseases  associated  with  these  pathways,  such  as  cancer 
and  neurodegenerative  diseases,  are  seemingly  unrelated  to 
eye  development,  the  use  of  eye  morphology  as  a  sensitive 
indicator  enabled  a  systematic  understanding  of  the  disease- 
linked  signaling  events  (2-6).  We  envisioned  that  clear  mor¬ 
phological  phenotypes  of  cells  could  similarly  be  used  as  a 
sensitive  indicator  of  the  drug  effects  that  are  not  associated 
directly  with  the  morphological  phenotypes. 

The  morphological  alteration  we  used  is  the  differentiation  of 
murine  3T3-L1  fibroblasts  into  adipocytes,  one  of  the  most 
drastic  and  sensitive  morphological  alterations  in  cultured 
mammalian  cells  (7).  In  the  presence  of  insulin,  3T3-L1  cells 
undergo  differentiation  into  adipocytes,  which  are  visually  dis¬ 
tinct  from  the  original  cells  because  of  the  presence  of  oil 
droplets  in  the  cytoplasm  (Fig.  1).  The  insulin-induced  adipo¬ 
genesis  of  3T3-L1  cells  involves  a  number  of  disease-linked 
proteins  such  as  phosphatidylinositol  3-kinase,  Ras,  peroxi¬ 
some  proliferator-activated  receptor  y,  p38,  or  phosphodiester¬ 
ases,  and  known  drugs  for  a  range  of  diseases  have  been  re¬ 
ported  to  have  phenotypic  effects  on  the  adipogenesis  (7-12).  A 
morphology-based  adipogenesis  screen  of  a  chemical  library 
could  identify  a  pool  of  biologically  active  compounds  with 
many  distinct  pharmacological  effects.  Here  we  report  a  proof- 
of-principle  study  using  a  library  of  10,000  divergent 
compounds. 

EXPERIMENTAL  PROCEDURES 

Adipogenesis  Profiling — 3T3-L1  fibroblasts  were  plated  in  96-well 
plates  at  a  density  of  5  X  104  cells/well  and  allowed  to  reach  maximal 
confluence.  The  confluent  cells  were  treated  individually  with  20  ng/p.1 
of  a  chemical  for  3  days  in  100  pi  of  Dulbecco’s  modified  Eagle’s  medium 
containing  of  insulin  (5  pg/ml)  and  10%  fetal  bovine  serum  (FBS).1  After 
the  removal  of  insulin  and  the  chemical,  the  cells  were  further  main¬ 
tained  typically  for  8  days  with  the  replacement  of  media  every  3  days. 
The  effects  of  chemicals  on  the  adipogenesis  were  evaluated  under 
microscope.  The  control  wells  with  1%  (v/v)  Me2S0  had  —5%  adipocytes. 
The  compounds  that  enhanced  the  adipogenesis  >5-folds  were  scored  to 
be  adipogenesis-enhancing  chemicals,  and  the  ones  that  completely 
inhibited  adipogenesis  without  detectable  toxicity  were  scored  to  be 
adipogenesis-blocking  chemicals.  The  effects  of  these  chemicals  were 
confirmed  multiple  times  by  multiple  laboratory  members.  Cell  viabil¬ 
ity  was  monitored  by  trypan  blue  exclusion  and  by  counting 
cell  numbers. 

Reverse  Transcription  (RT)-PCR — Total  RNA  was  isolated  with  TRI- 
reagent  (Molecular  Research  Center)  at  day  7  (aP2)  or  day  3  (osteocal¬ 
cin).  5  ju,g  of  total  RNA  was  reverse-transcribed  to  cDNA  by  using 
oligo(dT)  primer  with  avian  myeloblastosis  virus  reverse  transcriptase 
for  60  min  at  42  °C.  The  cDNA  was  then  amplified  by  using  E xTaq 


1  The  abbreviations  used  are:  FBS,  fetal  bovine  serum;  RT,  reverse 
transcription;  IL,  interleukin;  TNF,  tumor  necrosis  factor;  ELISA,  en¬ 
zyme-linked  immunosorbent  assay;  IGF,  insulin-like  growth  factor; 
SEAP,  secreted  alkaline  phosphatase;  AP,  activating  protein;  MAPK, 
mitogen-activated  protein  kinase;  MTT,  3-[4,5-dimethylthiazol-2-yl]- 
2,5-diphenyltetrazolium  bromide. 
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(Takara)  with  following  primer  pairs:  5'-AAGACCGAGATTTCCT- 
TCAA-3'  and  5 ' -TC AC GC CTTTC ATAAC AC AT-3 '  for  aP2;  5'-TCTGA- 
C AAACCTTC ATGTCC-3 '  and  5 '  -AAATAGTGATACCGTAGATGCG-3 ' 
for  osteocalcin.  The  amplification  conditions  are  as  follows:  95  °C  (30  s), 
60  °C  (30  s),  72  °C  (30  s)  for  23  cycles  (aP2)  or  30  cycles  (osteocalcin). 

Glucose  Uptake  Study — 3T3-L1  fibroblasts  were  induced  to  differen¬ 
tiate  into  adipocytes  by  incubation  in  a  medium  containing  10%  FBS,  1 
pM  dexamethasone,  0.5  mM  methylisobutylxanthine,  and  1.7  pM  insu¬ 
lin.  After  2  days,  the  medium  was  switched  to  the  one  containing  10% 
FBS  and  1.7  pM  insulin  for  2  days  and  then  to  a  normal  10%  FBS 
medium  for  3  days.  After  the  total  of  7  days,  almost  100%  3T3-L1  cells 
were  differentiated  into  adipocytes.  These  fully  differentiated  cells  were 
treated  on  24-well  plates  with  varied  concentrations  of  chemicals  (0.1% 
Me2S0)  for  24  h  and  then  incubated  with  100  nM  insulin  and 
2-[3H]deoxyglucose.  The  cells  were  extensively  washed,  and  their  radio¬ 
activity  was  measured  by  scintillation  counting.  All  of  the  samples  were 
tested  in  duplicate. 

Cytokine  Production  Assay — For  the  analysis  of  IL-6  and  TNF-a,  the 
mouse  macrophage  cell  line  RAW264.7  was  used.  Cells  were  seeded 
onto  96-well  plates,  and  the  cytokine  production  was  induced  by  adding 
10  jitg/ml  lipopolysaccharide.  Upon  stimulation,  each  one  of  the  adipo- 
genesis-enhancing  chemicals  was  also  added  to  the  culture  at  varied 
concentrations.  After  incubating  for  48  h  at  37  °C,  the  cytokine  concen¬ 
trations  in  the  culture  supernatants  were  measured  by  ELISA.  F or  the 
analysis  of  IL-2,  the  mouse  thymoma  cell  line  EL-4  was  used,  and  the 
IL-2  production  was  induced  by  adding  phorbol  ester  and  ionophore. 
The  effects  of  chemicals  on  the  IL-2  production  were  similarly  examined 
by  ELISA.  All  of  the  samples  were  tested  in  triplicate. 

Mineralization  Assay — The  clonal  osteoblastic  cell  line  MC3T3-E1, 
clone  14,  was  grown  in  u-minimum  Eagle’s  medium  supplemented  with 
10%  FBS  until  confluent  in  96-well  plates.  For  induction  of  mineraliza¬ 
tion,  the  cells  were  further  incubated  with  50  pgl ml  ascorbic  acid  and  10 
mM  /3-glycerophosphate  in  the  presence  or  absence  of  chemicals.  On  day 
14,  the  cells  were  washed  with  phosphate-buffered  saline,  fixed  in  10% 
formalin,  and  washed  with  distilled  water.  Bonelike  mineral  formation 
was  evaluated  by  examining  the  area  stained  by  2%  (w/v)  Alizarin  Red 
S  (pH  4.2). 

Assays  for  Insulin-like  Growth  Factor  (IGF) -activated  Cancer  Cells — 
The  adipogenesis-blocking  chemicals  were  assayed  for  their  ability  to 
inhibit  the  growth  of  IGF-activated  cancer  cells.  For  the  discovery  of 
inhibitors  of  IGF2,  we  used  five  distinct  human  hepatocellular  carci¬ 
noma  cell  lines,  Hep-G2,  SK-Hep-1,  and  three  lines  that  we  recently 
characterized.2  Three  of  them  produce  IGF2  at  high  levels,  whereas  two 
express  —10  times  less  amounts  of  IGF2  as  measured  by  ELISA,  RT- 
PCR,  and  DNA  microarray  experiments.  Treatment  with  a  neutralizing 
antibody  against  IGF2  selectively  inhibited  the  growth  of  the  IGF2- 
overexpressing  cell  lines  but  had  little  effects  on  that  of  the  cell  lines 
with  low  levels  of  IGF2.  Thus,  these  cell  lines  served  as  an  excellent 
system  for  discovering  the  chemicals  that  selectively  impair  the  growth 
of  IGF2-overexpressing  hepatocellular  carcinoma  cells.  For  cell  viability 
assays,  IGF2-expressing  cells  were  plated  at  a  density  of  4  X  103  onto 
96-well  plates.  After  a  24-h  incubation,  the  cells  were  treated  with 
varied  amounts  of  chemicals  for  72  h.  The  effects  of  chemicals  were 
evaluated  by  microscopic  observation  and  MTT  assay.  All  of  the  sam¬ 
ples  were  tested  at  least  three  times.  For  reporter  gene  assays,  IGF2- 
expressing  cells  were  transfected  with  a  reporter  construct  in  which  a 
gene  encoding  secreted  alkaline  phosphatase  (SEAP)  is  controlled  by 
the  IGF2  promoter,  AP-1  sites,  NFkB  sites,  or  the  SV40  promoter.  After 
24  h,  the  transfected  cells  were  treated  with  94G6  (0.1  pM)  for  8  h.  SEAP 
activity  was  measured  through  fluorescence  change  of  methylumbel- 
liferyl  phosphate.  The  experiments  were  repeated  six  times.  For  the 
discovery  of  inhibitors  of  IGF1,  we  used  DU-145,  a  human  androgen- 
independent  prostate  cancer  cell  whose  growth  can  be  stimulated  by 
IGF1  in  a  non-serum  medium  (13).  Chemicals  that  inhibit  the  IGF1- 
induced  growth  of  DU- 145  but  not  its  serum-dependent  growth  were 
searched  in  the  focused  library  of  adipogenesis-blocking  chemicals. 
DU- 145  cells  were  seeded  onto  96-well  plates  at  a  density  of  2,000 
cells/well  in  the  presence  of  1  pg/ ml  IGF1  or  2%  FBS.  After  24  h, 
chemicals  were  added  to  the  culture  at  varied  concentrations.  Cell 
proliferation  was  estimated  by  MTT  assays  after  3  days.  The  experi¬ 
ments  were  performed  in  triplicate. 

RESULTS 

Adipogenesis  Profiling  of  10,000  Divergent  Compounds — The 
divergent  chemical  library  used  for  our  case  study  was  a  Prime 


2  K.  Murakami  and  M.  Uesugi,  unpublished  data. 
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Fig.  1.  Adipogenesis  profiling  of  a  library  of  10,000  divergent 
druglike  compounds.  A,  3T3-L1  cells  have  a  morphology  character¬ 
istic  of  fibroblasts.  After  chemical  treatment  in  the  presence  of  insulin, 
the  cell  morphology  was  examined  under  microscope.  B,  the  control 
wells  that  are  treated  with  1%  (v/v)  Me2SO  (DMSO)  have  —5%  adipo¬ 
cytes.  The  compounds  that  enhanced  adipogenesis  >5-folds  were  scored 
to  be  adipogenesis-enhancing  chemicals  (C),  and  the  compounds  that 
completely  inhibited  adipogenesis  without  detectable  cytotoxicity  were 
scored  to  be  adipogenesis-blocking  chemicals  ( D ).  E,  RT-PCR  analysis  of 
adipocyte-specific  aP2.  3T3-L1  cells  were  treated  with  chemicals  for  3 
days,  and  total  RNA  was  isolated  at  day  7.  Typical  results  of  four 
representative  compounds  are  shown  along  with  the  positive  control  of 
1  pM  dexamethasone  ( DEX)  and  0.5  mM  methylisobutylxanthine  (MIX). 

Collection  2000  Format  Q  (ChemBridge).  In  this  format,  10,000 
druglike  molecules  are  rationally  preselected  to  form  a  library 
that  covers  the  maximum  pharmacore  diversity  with  the  min¬ 
imum  number  of  compounds.  Two  academic  groups  (14,  15) 
have  reported  successful  isolations  of  unique  compounds  from  a 
similar  chemical  library,  indicating  that  this  type  of  chemical 
library  contains  a  diverse  set  of  compounds  that  are  suited  for 
a  proof-of-principle  study.  Our  cell  morphology  profiling  of  the 
10,000-compound  library  identified  188  chemicals  that  clearly 
modulated  the  insulin-induced  differentiation  of  3T3-L1  cells 
at  20  ng/pl  (Fig.  1):  81  compounds  potentiated  the  adipogene¬ 
sis;  87  compounds  completely  blocked  the  differentiation;  and 
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Fig.  2.  Identification  of  glucose-uptake  enhancers.  Fully  differ¬ 
entiated  adipocytes  were  treated  with  3  or  10  pM  chemicals  and 
2-[3H]deoxyglucose  in  the  presence  or  absence  of  100  nM  insulin  on 
24-well  plates.  Glucose  uptake  was  measured  by  scintillation  counting. 
The  results  of  the  best  four  chemicals  are  shown. 

13  compounds  induced  other  morphological  phenotypes  such  as 
adipocyte-like  cells  without  oil  droplets.  Thus,  the  screen  re¬ 
duced  a  pool  of  chemicals  by  53-fold.  The  adipogenesis-modu- 
lating  activity  of  selected  compounds  was  confirmed  by  RT- 
PCR  analysis  of  aP2,  an  adipocyte-specific  fatty  acid-binding 
protein  (an  example  is  shown  in  Fig.  IE).  The  188  adipogenesis- 
modulating  chemicals  that  we  found  are  apparently  non-toxic 
for  confluent  3T3-L1  cells  and  almost  certainly  modulate  par¬ 
ticular  biologic  responses  in  mammalian  cells.  The  chemical 
structures  of  adipogenesis-enhancing  and  -blocking  compounds 
are  disclosed  in  supplementary  Figs.  1  and  2. 

Glucose-uptaking  Insulin  Sensitizers — We  first  focused  on 
the  81  chemicals  that  potentiated  the  insulin-induced  adipo- 
genesis.  Their  insulin-sensitizing  activity  in  the  adipocyte  dif¬ 
ferentiation  suggests  that  some  of  them  enhance  the  insulin- 
induced  glucose  uptake  with  anti-diabetic  properties.  This 
prediction  was  supported  by  the  fact  that  the  thiazolidinedione 
family  of  anti-diabetic  drugs  enhances  the  adipogenesis  of 
3T3-L1  cells  through  the  activation  of  peroxisome  proliferator- 
activated  receptor  y,  a  nuclear  receptor  that  plays  an  important 
role  in  adipocyte  differentiation  (16).  In  fact,  among  the  adipo¬ 
genesis-enhancing  compounds,  nine  had  a  structural  element 
chemically  equivalent  to  thiazolidinedione.  These  known  chem¬ 
icals  were  eliminated,  and  the  remaining  72  chemicals  were 
assayed  for  their  ability  to  potentiate  insulin-induced  glucose 
uptake  in  cultured  adipocytes.  The  72  compounds  contained  as 
many  as  11  molecules  that  enhanced  the  glucose  uptake  at 
comparable  levels  with  that  of  pioglitazone,  a  clinically  used 
anti-diabetic  drug,  demonstrating  the  validness  of  our  ap¬ 
proach.  Four  of  them  exhibited  insulin-sensitizing  activity 
stronger  than  pioglitazone  at  10  pM,  and  the  most  potent  one 


69A10 

Fig.  3.  Inhibition  of  TNF-a  production  by  69A10.  Macrophage 
RAW264.7  cells  were  seeded  onto  96-well  plates,  and  TNF-a  was  in¬ 
duced  by  adding  lipopolysaccharide.  Upon  the  stimulation,  69A10  was 
added  to  the  culture.  After  incubating  for  48  h,  the  TNF-a  concentra¬ 
tions  were  measured  by  ELISA. 

was  124D8  (Fig.  2).  Its  kinase-inhibitor-like  structure  is  novel 
as  an  insulin  sensitizer  and  appears  to  modulate  the  function  of 
insulin  independently  from  the  major  insulin  pathways  be¬ 
cause  124D8  had  no  effects  on  the  phosphorylation  of  Akt  and 
MAPK  in  3T3-L1  cells.  Adipogenesis  profiling  of  a  larger  chem¬ 
ical  library  is  likely  to  generate  a  number  of  glucose-uptaking 
compounds  with  a  novel  mechanism  of  action. 

Inhibitors  of  Inflammatory  Cytokine  Production — Recent 
studies  (7,  12)  suggest  a  cross-talk  between  insulin-induced 
adipogenesis  and  inflammatory  responses.  Anti-inflammatory 
drugs  including  glucocorticoid,  phosphodiesterase  inhibitors, 
and  salicylates  stimulate  insulin-induced  adipogenesis  of 
3T3-L1  cells,  and  molecular  targets  for  anti-inflammatory 
drugs  such  as  p38,  TNF-a:,  and  IL-1  are  involved  in  adipogen¬ 
esis  or  insulin  resistance  of  somatic  cells  (11,  17-19).  Although 
the  molecular  mechanism  of  the  cross-talk  remains  unclear, 
these  lines  of  evidence  implicate  the  presence  of  anti-inflam¬ 
matory  compounds  in  the  pool  of  the  adipogenesis-enhancing 
chemicals.  We  assayed  the  72  adipogenesis-enhancing  chemi¬ 
cals  for  their  ability  to  reduce  the  production  of  three  inflam¬ 
matory  cytokines,  IL-6,  IL-2,  and  TNF-a.  Eighteen  compounds 
inhibited  the  production  of  a  cytokine  >50%  at  10  pM  without 
notable  cytotoxicity,  suggesting  a  high  density  of  cytokine  pro¬ 
duction  inhibitors  in  the  adipogenesis-enhancing  chemicals. 
Among  those,  the  compound  that  we  call  69A10  inhibited  the 
TNF-a  production  in  macrophage  RAW  cells  with  a  IC50  of  0.3 
pM  (Fig.  3).  A  focused  library  of  adipogenesis-enhancing  chem¬ 
icals  may  be  useful  for  identifying  anti-TNF-a  compounds,  and 
their  mechanistic  studies  would  clarify  the  interesting  cross¬ 
talk  between  adipogenesis  and  inflammatory  responses. 

Osteogenesis  Stimulators — Insulin  shares  sequence  homol¬ 
ogy  and  biological  activity  with  IGFs.  Deficiency  in  IGF1,  a 
prominent  member  of  IGFs,  is  suggested  to  be  a  cause  of 
decrease  in  bone  density  with  aging  (20,  21),  and  administra¬ 
tion  of  IGF1  prevents  the  decrease  of  bone  density  in  osteopo¬ 
rosis  patients  in  part  by  stimulating  osteogenesis  (22-24).  The 
high  homology  between  IGF1  and  insulin  suggested  that  the 
osteogenesis-enhancing  activity  of  IGF1  may  be  mimicked  by 
the  chemicals  that  potentiated  the  insulin-induced  adipogene¬ 
sis.  As  a  quick  test,  the  adipogenesis-enhancing  chemicals  were 
assayed  for  their  ability  to  stimulate  the  formation  of  bonelike 
mineral  deposition  in  MC3T3-E1  cells.  We  found  three  com¬ 
pounds  that  increased  the  mineralization  at  5  pM  as  much  as 
IGF1  or  ipriflavone,  a  clinically  used  anti-osteoporosis  drug 
(Fig.  4A).  Their  osteogenesis-stimulating  activity  was  con¬ 
firmed  by  RT-PCR  analysis  of  osteocalcin,  a  marker  gene  of 
osteoblastic  differentiation.  The  three  compounds  exhibited  an 
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Fig.  4.  Effects  of  19B8,  26E6,  and  91E2  on  the  osteogenesis  of 
MC3T3-E1  cells.  A,  mineralization  assay.  MC3T3-E1  cells  were 
treated  with  1%  (v/v)  Me2SO  ( DMSO )  or  5  p,M  19B8,  26E6,  or  91E2  for 
14  days,  and  mineral  deposits  were  stained  by  Alizarin  Red.  It  is 
evident  that  19B8,  26E6,  and  91E2  stimulate  the  formation  of  bonelike 
mineral  deposits.  Effects  of  IGF1  (10  ng/ml)  and  ipriflavone  (10  pM )  are 
shown  as  a  positive  control.  B,  RT-PCR  analysis  of  osteocalcin. 
MC3T3-E1  cells  were  treated  with  chemicals  for  3  days,  and  total  RNA 
was  isolated  for  RT-PCR  analysis. 


increased  induction  of  osteocalcin  after  3  days  of  incubation 
(Fig.  4 B).  These  compounds  may  serve  as  a  small  molecule  tool 
for  the  mechanistic  analysis  of  osteogenesis,  and  such  studies 
could  lead  to  the  development  of  pharmaceuticals  for  osteopo¬ 
rosis,  one  of  the  most  underdiagnosed  and  undertreated  disor¬ 
ders  in  medicine. 

Suppressors  of  IGF-activated  Cancer  Cells — We  next  turned 
our  attention  to  the  87  compounds  that  blocked  the  insulin- 
induced  adipogenesis.  Both  insulin  and  IGFs  stimulate  onco¬ 
genic  signaling  pathways  including  those  of  Ras-MAPK  and 
phosphatidylinositol  3-kinase-Akt,  and  overexpression  of  IGFs 
is  often  associated  with  cancer  malignancy  (25).  Patients  with 
IGF-overexpressing  tumors  tend  to  have  severe  hypoglycemia 
despite  low  levels  of  serum  insulin  (known  as  non-islet  cell 
tumor  hypoglycemia)  (26),  demonstrating  a  functional  overlap 
between  oncogenic  IGFs  and  insulin  in  vivo.  These  consider¬ 
ations  led  to  the  hypothesis  that  the  pool  of  the  adipogenesis- 
blocking  chemicals  contains  anti-cancer  compounds  that  sup¬ 
press  the  IGF-stimulated  survival  and  proliferation  of 
malignant  tumor  cells.  We  first  examined  whether  the  adipo- 
genesis-blocking  chemicals  impair  the  viability  of  human  hep¬ 
atocellular  carcinoma  cells  that  overexpress  IGF2,  a  member  of 
IGFs  that  is  often  produced  at  high  levels  in  liver  tumors  (27). 
We  identified  three  chemically  analogous  compounds  that 
killed  IGF2-overexpressing  hepatocellular  carcinoma  cells 
(Hep-G2)  but  had  milder  effects  on  the  cell  line  with  low  levels 


genesis-blocking  chemicals.  A,  hepatocellular  carcinoma  cell  lines, 
Hep-G2  ( black  bars)  and  SK-Hep-1  (gray  bars),  were  treated  with  varied 
amounts  of  94G6.  94G6  selectively  impaired  the  viability  of  IGF2- 
overexpressing  Hep-G2  but  had  much  milder  effects  on  SK-Hep-1  with 
low  levels  of  IGF2.  94G6  was  as  selective  as  a  neutralizing  antibody 
against  IGF2  (100  pg/ml).  The  cell  viability  was  estimated  by  MTT 
assays  in  triplicate.  B,  specific  inhibition  of  the  IGF2  promoter  by  94G6. 
Hepatocellular  carcinoma  cells  were  transiently  transfected  with  a 
reporter  construct  in  which  a  gene  encoding  SEAP  is  controlled  by  the 
IGF2  promoter,  AP-1  sites,  kB  sites,  or  the  SV40  promoter.  The  trans¬ 
fected  cells  were  treated  with  0.1  /x\T  94G6  for  8  h,  and  SEAP  activity 
was  measured  through  fluorescence  change  of  a  fluorogenic  substrate. 
C,  125B11  inhibited  the  IGFl-induced  growth  but  not  the  serum-in¬ 
duced  growth.  DU- 145  cells  were  treated  with  varied  amounts  of 
125B11  in  the  presence  of  IGF1  or  2%  fetal  bovine  serum  (FBS). 

of  IGF2  (SK-Hep-1)  (28).  Repeated  experiments  with  three 
additional  human  hepatocellular  carcinoma  cell  lines  that  we 
recently  characterized2  indicated  that  one  of  the  three  chemi¬ 
cals,  94G6,  exhibited  the  highest  cytotoxicity  to  IGF2-produc- 
ing  hepatocellular  carcinoma  cells  with  selectivity  similar  to 
that  of  a  neutralizing  antibody  against  IGF2  (Fig.  5A).  This 
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benzochromene  derivative  killed  the  IGF2-producing  cells  at 
an  IC50  of  29  nM  but  had  —33  times  weaker  effects  on  the 
hepatocellular  carcinoma  cells  with  low  level  of  IGF2.  Reporter 
gene  transcription  assays  showed  that  94G6  selectively  inhib¬ 
its  the  promoter  of  IGF2  in  the  hepatocellular  carcinoma  cells, 
suggesting  that  94G6  blocks  the  autocrine  loop  of  IGF2  (Fig. 
5 B).  Although  94G6  may  target  multiple  cellular  events  for 
causing  cell  death,  the  selective  inhibition  of  the  IGF2  auto¬ 
crine  loop  provides  a  reasonable  explanation  for  its  inhibitory 
effects  on  adipogenesis  and  cancer  cell  survival. 

Another  type  of  IGF-associated  tumors  is  prostate  cancer, 
one  of  the  most  common  malignant  tumors  in  Western  coun¬ 
tries.  Elevated  levels  of  circulating  IGF1  are  strongly  associ¬ 
ated  with  the  risk  of  developing  prostate  cancer,  and  modula¬ 
tion  of  IGF1  functions  by  small  molecules  is  an  attractive 
therapeutic  approach  when  combined  with  androgen-targeting 
therapies  (29).  For  a  chemical  screen,  we  used  DU-145  andro¬ 
gen-independent  prostate  cancer  cells  whose  growth  can  be 
stimulated  by  IGF1  by  as  much  as  2%  serum.  The  pool  of  the 
adipogenesis-blocking  chemicals  contained  two  analogous 
chemicals  that  specifically  inhibited  the  IGFl-induced  growth 
of  DU-145  cells  but  had  little  effects  on  their  serum-induced 
growth.  One  of  them,  125B11,  had  the  greatest  differential 
activity  in  which  the  simple  druglike  thiazole  derivative  im¬ 
paired  the  IGFl-induced  growth  at  an  IC50  of  0.1  pM  but  had 
little  effects  on  the  serum-dependent  growth  (Fig.  5 C).  IGFl- 
induced  phosphorylation  of  Akt  and  MAPK  in  DU-145  cells  was 
unaffected  by  125B11,  suggesting  that  125B11  inhibits  the 
cell-proliferative  function  of  IGF  1  in  a  way  independent  of  the 
known  IGFl-signaling  pathway.  Deregulation  of  the  IGF  axis 
is  associated  with  the  initiation  and  progression  of  many  types 
of  human  carcinoma  including  breast  (30)  and  colorectal  can¬ 
cers  (31).  A  focused  library  of  adipogenesis-blocking  chemicals 
may  serve  as  a  source  of  anti-proliferative  agents  against  the 
IGF-linked  cancers. 

DISCUSSION 

Fat  cell  differentiation  per  se  has  no  direct  link  to  glucose 
uptake,  cytokine  inhibition,  osteogenesis,  and  selective  sup¬ 
pression  of  cancer  cells.  Nevertheless,  our  proof-of-principle 
study  using  a  10,000-compound  library  successfully  identified 
non-cytotoxic  bioactive  compounds  for  these  seemingly  dispar¬ 
ate  pharmacological  effects,  just  as  genetics  has  identified  non- 
lethal  disease-linked  genes  by  examining  the  eye  morphology  of 
fruit  flies.  We  randomly  picked  up  70  compounds  that  had  no 
detectable  phenotypes  in  the  adipogenesis  profiling  and  as¬ 
sayed  for  their  ability  to  modulate  glucose  uptake,  cytokine 
production,  IGF-selective  cytotoxicity,  and  osteogenesis.  As  ex¬ 
pected,  no  significant  hits  were  found  in  each  assay,  indicating 
that  the  adipogenesis  profiling  with  3T3-L1  cells  is  a  good  filter 
at  least  for  these  pharmacological  effects.  A  data  base  search 
revealed  that  one  of  the  adipogenesis-enhancing  chemicals  has 
been  patented  as  an  inhibitor  of  neuropeptide  Y,  a  proposed 
attenuator  of  insulin  and  leptin  that  stimulates  appetite  (32). 
Neuropeptide  Y  inhibitors  are  expected  to  treat  feeding  disor¬ 
ders  and  heart  diseases  (33).  Adipogenesis  profiling  may  find 
use  in  discovering  chemicals  with  such  biological  effects.  The 
insulin  family  of  hormones  is  involved  in  many  other  conditions 
as  observed  in  the  complications  of  hyperinsulinism.  The  insu¬ 
lin-linked  pharmacological  effects  including  wound  healing  and 
anti-apoptosis  (34)  may  be  expected  in  adipogenesis-modulat- 
ing  compounds. 

One  potential  drawback  of  our  approach  is  that  the  bioactive 
molecules  from  the  adipogenesis-based  focused  library  may 
have  side  effects  that  are  associated  with  adipogenesis.  How¬ 
ever,  some  degree  of  side  effects  are  usually  expected  for  any 


unoptimized  molecules,  and  classical  medicinal  chemistry  ap¬ 
proaches  have  been  taken  for  reducing  the  unwanted  side  ef¬ 
fects.  The  high  sensitivity  of  the  morphological  transformation 
of  3T3-L1  cells  also  suggests  that  the  adipogenesis-modulating 
effects  of  chemicals  may  not  necessarily  be  reproduced  in  hu¬ 
man.  For  instance,  non-steroidal  anti-inflammatory  drugs  and 
phosphodiesterase  inhibitors  such  as  aspirin  and  caffeine  are 
known  to  enhance  adipogenesis  of  3T3-L1  cells  but  have  no 
significant  effects  on  fat  accumulation  in  human.  The  adipo¬ 
genesis  profiling  is  perhaps  a  good  filter  for  lead-like  bioactive 
molecules  that  can  be  used  for  further  biological,  chemical 
genetic,  and  medicinal  chemical  studies. 

Adipogenesis-based  profiling  of  more  chemical  compounds  in¬ 
cluding  clinically  proven  drugs  would  catalog  the  biological  ac¬ 
tivities  of  small  organic  molecules  and  help  to  design  a  focused 
chemical  library  that  is  small  enough  to  be  screened  with  unique 
low  throughput  assays  yet  generates  drug  seeds  for  a  broad  range 
of  disease  conditions.  Systematic  chemical  genetic  studies  on 
morphological  changes  of  cells  could  provide  small  molecule  tools 
for  biological  studies  of  human  diseases  as  found  in  the  role  of 
developmental  biology  in  the  analysis  of  disease-linked  genes. 
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